Purpose: To propose a new adjustment method and present the clinical result of wavefront-guided myopic laser-assisted in situ keratomileusis (LASIK) retreatment with an aspheric programtargeted central ablation depth to avoid refractive overcorrection.
R etreatment after laser-assisted in situ keratomileusis (LASIK) has been regarded effective and safe to eliminate residual or regressed refractive errors. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] The application of wavefront-guided technology has significantly led to the reduction of high-order aberrations (HOAs) induced by conventional LASIK. Therefore, this technology has also been widely used in LASIK retreatments. 9, [11] [12] [13] Although effective in reducing HOA, wavefront-guided myopic LASIK retreatments may often result in overcorrections above 0.5 diopter (D). 9, [12] [13] [14] [15] [16] In this study, we assessed the refractive and visual outcomes for wavefront-guided myopic LASIK retreatments using the calculated central ablation depth obtained through an aspheric program as a target ablation depth for wavefront retreatments. This new adjustment method appears to be relatively safe and effective for myopic retreatments without significant overcorrection.
MATERIALS AND METHODS

Patient Evaluation and Follow-up
This interventional case series included patients who had undergone wavefront-guided LASIK myopic retreatment between January 2009 and February 2012. These patients had their primary myopic wavefront-guided LASIK between August 2008 and September 2011. All surgical procedures were performed by the same surgeon (F.-R.H.) at National Taiwan University Hospital. Informed consent was obtained before all surgical procedures. The study was approved by the Ethics committee/Institutional Review Board of the National Taiwan University Hospital.
Indications of retreatment were refractive undercorrection and/or regression with spherical equivalent (SE) less than 20.5 D, or residual astigmatism less than 20.75 D, with unsatisfactory subjective distant uncorrected vision. Demographics including age, sex, laterality, refraction before retreatment LASIK, and the interval to retreatment were documented. Preretreatment and postretreatment cycloplegic, manifest, and subjective refractions were recorded. Uncorrected visual acuity (UCVA) and best spectacle-corrected visual acuity (BSCVA) before and after retreatment were obtained with the Snellen chart and converted to logarithm of minimum angle of resolution (logMAR). The efficacy index (mean postoperative UCVA/mean preoperative BSCVA) and safety index (mean postoperative BSCVA/ mean preoperative BSCVA) were calculated using postoperative 12-month logMAR visual acuity data. The safety and efficacy indices were calculated by converting mean logMAR visual acuities to decimal values. 17 Predictability of the procedure was evaluated by the number of eyes within 60.5 D of targeted SE. All patients had a follow-up time of at least 12 months.
All patients received examinations using Zyoptix Diagnostic Workstation (Zywave II and Orbscan IIz, Bausch & Lomb, Inc) before and at 12 months after retreatment. The wavefront aberrations were measured with a pupil size of 6 mm. high-order wavefront parameters including spherical aberration (SA), coma, trefoil, and total HOA in root mean squares (RMS) were obtained for analysis. SA was expressed as the Zernike coefficient Z 4 0 . Other high-order wavefront parameters were calculated by RMS using the following Zernike coefficients: coma (Z 3 21 and Z 3 1 ), trefoil (Z 3 23 and Z 3 3 ), and total HOA (the third to sixth orders of Zernike coefficients). An increasing factor was obtained by dividing the RMS values of postoperative 12-month total high-order aberrations by preoperative RMS values.
Surgical Technique
Both primary and retreatment LASIK procedures were performed using the Technolas 217z100 excimer laser system (Bausch & Lomb, Inc) under topical anesthesia. Either a femtosecond laser or the Moria 2 microkeratome (Moria, Doylestown, PA) had been used to create the flap. Ablation was completed with Zyoptix iris-registration wavefrontguided algorithm (Bausch & Lomb, Inc). Depending on the mesopic pupil size, an optical zone of 5.2 to 7.5 mm was used with an overall treatment diameter of approximately 8.0 or 8.5 mm including the blending zone. After retreatments, patients were treated with 0.5% levofloxacin (Cravit; Santen Pharmaceuticals, Japan) and 0.1% fluorometholone (Flumetholon; Santan Pharmaceuticals) 4 times a day for a week. Artificial tear fluid, hydroxypropyl methylcellulose (Artelac; Dr Gerhard Mann, Germany), was used 4 times a day for at least 1 month after retreatments. The aim of surgery was to achieve emmetropia in all cases.
Adjustment Method for Wavefront Retreatment
The amount of ablation required in retreatment follows the calculation steps as described below.
Step 1: Calculate the central ablation depth by entering the intended spherical and astigmatic correction using the aspheric program. This central ablation depth obtained through aspheric program calculation is the target ablation depth. Step 2: Keeping the intended cylinder correction constant with the same optical zone size as in step 1, adjust the spherical component of the intended correction using the wavefront-guided program until the central ablation depth corresponds to the target ablation depth calculated by the aspheric program (as obtained in step 1).
Step 3: Perform laser ablation using the wavefront-guided program with the refractive power obtained from step 2. An example would be if a patient's subjective refraction was 21.0 D and astigmatism 20.5 D at axis 0 before retreatment, a calculated central ablation depth using the aspheric program yielded 15 mm. Hence, 15 mm will be our target ablation depth. Next, using the wavefront-guided program with the same optic zone size of the aspherical program, 20.5 D of astigmatism is entered and the spherical component is adjusted until the target ablation depth is reached. This usually yields a lower spherical power than that of intended correction.
Statistical Analysis
All high-order wavefront parameters before and at 12 months after retreatment had a P . 0.15 by the Kolmogorov-Smirnov test. Because both eyes were enrolled for studying in some patients, linear mixed models were used to compare the wavefront parameters before and after retreatment with the subject as a random effect. Linear mixed models were also used to evaluate the predicting factors for retreatment offset with the subject as a random effect. The actual amount of offset is the difference between the actual SE treatment and the intended SE correction. P , 0.05 was considered statistically significant. SAS 9.2 (SAS Institute, Inc, Cary, NC) was used for all statistical analyses.
RESULTS
Basic Demographics
Overall, 32 eyes of 20 patients (7 men and 13 women) were enrolled (Table 1) . Mean age was 29.5 6 3.1 years (range, 25-36 years). All patients had previously undergone primary myopic LASIK on both eyes. Wavefront-guided myopic retreatment was done on both eyes in 12 patients and on 1 eye in 8 patients. Retreatments were done only once in all patients. The mean time between the primary treatment and retreatment was 6.3 6 3.0 months (range, 2-12 months). The SE before LASIK retreatment was 21.0 6 0.44 D (range, 22.0 to 20.5 D). The mean spherical and cylindrical refraction values before retreatment were 20.8 6 0.53 D (range, 22.0 to 20.5) and 20.41 6 0.52 D (range, 22.00 to 0), respectively ( Table 1 ). The mean follow-up duration after retreatment was 15.2 6 2.5 months (range, 12-20 months). Table 2 summarizes the refractive outcome and predictability within 60. Table 3 compares the high-order aberrations before and after treatment at 12 months postoperatively. Before LASIK retreatment, the mean SA, coma, trefoil, and total HOA were 0.42 6 0.20 mm, 0.46 6 0.24 mm, 0.20 6 0.12 mm, and 0.73 6 0.24 mm, respectively. After retreatment, significant reduction in coma (0.39 6 0.22 mm, P = 0.036), trefoil (0.16 6 0.07 mm, P = 0.034), and total HOA (0.65 6 0.25 mm, P = 0.028) was noted. SAs were reduced although not significantly (0.35 6 0.28 mm, P = 0.08). At 12 months postoperatively, the total HOA, SA, coma, and trefoil decreased by an increasing factor of 0.89, 0.83, 0.85, and 0.80, respectively.
Refractive Outcome
Outcome of the HOA Profile
Offset Adjustment for Retreatment and the Predicting Factors
The mean offset adjustment for retreatment was 0.49 6 0.45 D (range, 0 to +1.6 D). Table 4 shows the results of the predicting factors for the offset adjustment. Higher SE before retreatment required more hyperopic offset for retreatment (P = 0.006). Higher preoperative SA was also significantly correlated with greater hyperopic offset after adjustment for SE (P = 0.03). Coma, trefoil, and total HOA were not correlated with the amount of retreatment offset (P . 0.05 for all).
DISCUSSION
Incidence of undercorrection and/or myopic regression after myopic LASIK has been reported to be 5.5% to 17.5%. 1, 3 Although different criteria of retreatment are used by different surgeons, complete correction of residual refractive errors and patients' satisfaction of distant uncorrected vision are common goals. Because this is already a second surgery, greater precision for correction of the residual or regressed refractive error without significant increase in HOA is strongly desired by both the surgeon and patient. Previously, the application of wavefront technology in LASIK retreatments has found a third of the eyes with overcorrections .0.5 D 9, 15 In such a study, Carones et al 18 noted postretreatment overcorrections ranging from +0.12 to +1.50 D in all 7 eyes. Castanera et al 14 reported a 38% overcorrection rate among 21 eyes. Schwartz et al 9 also demonstrated 29% of eyes to be overcorrected by 1.00 to 2.00 D. Jin further compared the outcome of conventional and wavefrontguided LASIK retreatment. The result revealed that 30% of eyes in the wavefront-guided group, compared with none in the conventional group, showed an overcorrection of .+0.5 D. 15 Therefore, overcorrections after wavefront-guided myopic LASIK retreatments, which turn low-myopic eyes into hyperopic eyes are not uncommon and must be avoided by adjustments or offsets of retreatment.
Until now, no reliable solution has been postulated to reduce the problem of overcorrection in LASIK retreatment.
Applying offset of approximately +0.75 D has been mentioned in previous reports. 9, 16 However, the amount of offset remained empirical. Additionally, there was no difference in the refractive outcome among cases treated with or without offset, as Jin and Merkley reported. 15 These results suggest that if the amount of offset is not quantitatively and individually tailored to each patient, offset application per se may be ineffective in preventing overcorrection. Our method of retreatment, using the ablation depth calculated from the aspheric program as the target ablation depth, provides a relatively objective and customized method of adjusting the amount of wavefront-guided retreatments.
The refractive predictability using wavefront-guided or conventional myopic LASIK retreatment has been reported in the literature. Kashani et al 12 showed that 65.2% of eyes had postretreatment refraction within 60.5 D. Schwartz et al reported that 71.4% eyes were within 0.5 D of emmetropia after wavefront-guided myopic LASIK retreatment. 9, 15 With conventional LASIK retreatment, the ratio of postretreatment refraction within 60.5 D has been reported as 61%-80.5%. 10, 19, 20 In the study by Jin et al, only 65% in the wavefront-guided retreatment group, compared with 92% of eyes in the conventional LASIK retreatment group, were within 0.50 D. 15 These results indicated that conventional LASIK retreatment may be superior in regard to refractive predictability over wavefront-guided treatments. However, the study by Jin et al did not directly compare the preoperative and postoperative HOAs between eyes treated by conventional and wavefront LASIK retreatments. 15 Using our new method, no eyes were overcorrected and HOAs were also significantly reduced. Good predictability was also achieved with this adjustment method as at 12 months of follow-up, all eyes were within 60.5 D of our target refraction. Further investigation with regression analysis indicated that higher preretreatment SE and SA were associated with a greater amount of offset required. Our adjustment method is an innovative way of customizing the amount of offset while effectively reducing HOA.
Ideally, wavefront-guided ablation, whether for primary surgery or retreatment, hopes to avoid an increase in HOA that is commonly seen after conventional LASIK. 21 However, although the increase in total HOA may be reduced by wavefront-guided retreatments, variable results were shown regarding detailed analysis of individual types of HOA. SA, for instance, were reported by some studies to be significantly reduced, 9, 13, 22, 23 whereas others noted no change or even an increase in SA after retreatment. 11, [24] [25] [26] This study, which focused mainly on myopic retreatment, showed reduction in SA, coma, trefoil, and also total HOA. Comparing the total HOA values before and after LASIK retreatment, previous studies revealed a variable increasing factor ranging from 0.65 to 0.96 (Schwartz et With the new adjustment method in our study, our total HOA was reduced by an increasing factor of 0.89, which is comparable to the aforementioned studies.
This study has certain limitations, including a relatively small number of cases, and the retrospective noncomparative design. Subjective or objective evaluation of possible postoperative optical symptoms was also not included. Nonetheless, this study is invaluable in providing a potential quantitative solution to overcorrections after myopic wavefront-guided LASIK retreatment. Using this new method, enhanced refractive predictability and stability could be achieved while effectively reducing HOAs.
